Recent clinical experience (Boley, Schwartz, Lash, and Sternhill, 1963; McGovern and Goulston, 1965; Marston, Pheils, Thomas, and Morson, 1966; Miller and Knox, 1966; Sturdy, 1968) has suggested that many cases of hitherto obscure colonic disease may in fact originate from vascular insufficiency. Some of these cases are directly attributable to blockage of a major vessel by thrombosis or embolism (Marston et al, 1966; Miller and Knox, 1966) whilst in others the ischaemia originates from occlusion or spasm of the smaller intramural vessels (Boley, Krieger, Schultz, Robinson, Siew, Allen, and Schwartz, 1965) . The diagnosis of colonic infarction is not always easy and the clinical features, x-ray appearances, and pathology are still not completely defined. The purpose of the present work has been to produce a number of standardized controlled vascular occlusions in the experimental animal and to study their general and local effects in the hope of increasing our knowledge of what may be expected in the clinical situation.
Dogs were selected for the investigation for reasons of availability and ease of handling, and also because there is considerable laboratory experience in the behaviour of the ischaemic intestine in this species (Marston, 1962) . The pattern of arterial supply to the dog's colon is shown in Figure 1 . Blood arrives through the common colic artery, a branch of the superior mesenteric trunk, and the caudal (inferior) mesenteric artery. The common colic artery divides into the middle colic artery, which is distributed much as in the human colon, and the ileo-caeco-colic artery, which runs down the ascending colon and divides into two vessels which finally inosculate with the termination of the superior mesenteric. The caudal mesenteric artery runs straight to the colon and forms a 'T-junction', which above connects with the left branch of the middle colic, and below continues to form the superior rectal artery. In this way a continuous vessel, running along the inner side of the colonic loop, is formed: the marginal artery of the colon. 
METHODS
All dogs were as far as possible admitted to the laboratory population at least one week before the proposed surgical procedure. Baseline determinations were made of weight, total white cell count, serum alkaline phosphatase, serum glutamic oxalate transaminase (SGOT), serum glutamic pyruvate transaminase (SGPT), and lactic dehydrogenase (LDH). The dog was then assigned to a particular group and a devascularization operation performed (Fig. 2 the origin of the common colic artery, to the caudal mesenteric artery at its emergence from the aorta, and to the marginal artery of the colon at the pelvic brim; this is referred to below as 'subtotal devascularization'. In a second nine dogs (groups D, E, and F) the caudal mesenteric artery was tied at its origin and the marginal artery of the colon tied 5 cm above and below the bifurcation. In a third group of nine the ligature was applied to the caudal mesenteric artery only (groups G, H, and I).
Of each group of nine dogs, three were sacrificed on the day following operation, three at 14 days, and three at 42 days, giving a total of 27 dogs in the experimental series. Additionallysix dogs were subjected to a'sham' operation: these were treated in the same way as the experimental animals except that all the vessels were exposed but not ligated (see Fig. 2 Experimental study of devascularization of the colon postoperative week. This leucocytosis was not significantly different in the cases of major ischaemia (see Fig. 3 ).
CHANGES IN SERUM ENZYMES The preoperative levels of all the enzymes agree well with the values for normal dogs quoted by Bedrak (1965) . Repeated preoperative estimations in our experimental group of dogs showed that in any one animal the alkaline phosphatase level remained relatively constant but that there was quite marked variation between individuals. This variability was not seen with the other enzymes.
The changes in mean serum enzyme levels for the (Fig. 6 ) are constant and for this reason preoperative investigations on normal dogs were omitted after the first few experiments. Postoperative enemas were routinely performed at one, 14, and 42 days according to the type of experiment. The abnormal features noted postoperatively were an increased incidence of spasm, mucosal oedema or 'thumbprinting', and stricture formation. Spasm was defined as a segment of narrowing present on the first and second films, which was abolished by air insufflation. It was found constantly in the more severe vascular injuries at 14 days, but never in the controls.
Mucosal oedema produced scalloping of the margins of the barium column on the filled films. In the film taken after draining the excess barium, coarse mucosal folds were demonstrated in the affected segment, which was always at about the level of the iliac crest. Mucosal oedema was also well demonstrated in the air contrast films (Fig. 7) . This finding was demonstrated in the one-day films of three dogs submitted to ligation of the caudal mesenteric and marginal arteries and of six dogs following subtotal devascularization. It was not found in any experiment involving ligation of the caudal mesenteric artery alone, or in any 14-or 42-day films.
A stricture was considered to be present only when a constant narrowing remained unaltered at all three films of the series (Fig. 8) . This was found in one animal, which also demonstrated pathological changes (see below).
PATHOLOGICAL APPEARANCES The fixed specimens were examined macroscopically for mucosal ulceration, strictures, changes in thickness of the bowel wall, and peritoneal reactions. Blocks were taken from all ulcers and strictures and also from apparently normal areas in each specimen.
The histological material was prepared by standard methods (Clayden, 1962) and sections were stained with haematoxylin and eosin, by Van Gieson's method, and by Perl's Prussian blue method to demonstrate haemosiderin. The principal lesions found were small mucosal ulcers, extensive necrotic ulcers, and strictures of the bowel.
Small mucosal ulcers Clearly defined areas of mucosal ulceration, 2to 3 mm diameter, usually with a haemorrhagic base and sometimes surrounded by smooth atrophic mucosa, tended to occur in a longitudinal linear distribution in the affected segment of bowel. The remainder of the bowel wall appeared normal. Such lesions were seen in four animals with occlusion of the caudal mesenteric artery only, in four with occlusion of the caudal mesenteric and marginal arteries, and in two with subtotal devascularization.
Microscopically there was loss of mucosa over a small area (usually less than 1 mm diameter). granulation tissue. There was oedema of the submucosa with some increase in vascularity and a moderate inflammatory infiltration of non-specific type. In four specimens the mucosa round the ulcers was thin and atrophic, in the remainder it was normal. Four of the 10 specimens showed free iron in macrophages in the submucosa and three showed free iron in the peritoneal layer. Four specimens showed thickening of the muscle layer, the muscle fibres showed no degenerative changes, and there was no significant fibrosis. This appearance was thought to indicate muscle shortening due to spasm. Five specimens showed inflammatory changes in the peritoneal layer (Fig. 9) .
Extensive necrotic ulcers In more severe ischaemia irregular areas of ulceration covered with adherent slough were seen, usually involving the whole circumference of the bowel over a length of 3 to 9 cm. The edges of the ulcers showed clear demarcation from the surrounding normal mucosa. There was slight thickening of the bowel wall in the ulcerated area with congestion of the peritoneal surface and in some cases fibrinous exudate on the peritoneum. These lesions were not seen in any of the animals with occlusion of the caudal mesenteric artery only, but were present in two animals with occlusion of the caudal mesenteric and marginal arteries and three with subtotal devascularization (Fig. 10) .
Microscopically these showed large areas of total necrosis of the mucosa. The edges of these areas were very sharply defined and the mucosa round them was normal. Normal submucosa was replaced in the ulcerated area by a vascular granulation tissue containing many fibroblasts and a sparse inflammatory infiltrate, mainly consisting of lymphocytes and plasma cells with only a few polymorphonuclear leucocytes. Free iron was seen in macrophages in one specimen only. In the muscle layers two specimens showed considerable muscle fibre degeneration and one showed some fibrosis. Four specimens showed some peritonitis.
Strictures of the bowel Reduction of the circumference of the bowel by 1 cm or more was regarded as a stricture. The colon wall was approximately twice its normal thickness in a strictured area. The lengths of the strictures varied from 2-5 cm to 9 cm. The mucosa in all cases showed areas of ulceration, usually small. The remaining mucosa in the strictures was smooth and appeared atrophic. Strictures were seen in one animal with occlusion of the caudal mesenteric artery, in three with occlusion of the caudal mesenteric and marginal arteries, and in one with subtotal devascularization (Fig. 11) .
Microscopically four specimens showed thickening of the muscle layer with no abnormality of the muscle cells and no increase in muscle interstitial tissues. This appearance was thought to be due to muscle shortening.
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Four had small mucosal ulcers with atrophic mucosa around them and one showed extensive ulceration.
Four showed free iron in macrophages either in the submucosa or peritoneum.
DISCUSSION
Three groups of workers have previously investigated the effects of colonic devascularization in the experimental animal. Boley et al (1963) studied five cases of ischaemic colitis in human subjects and were able to reproduce the appearances by ligating the colonic arteries in a number of dogs. Later Boley et al (1965) extended these experiments and altered their technique by using injections of glass microspheres into the arteries supplying an isolated segment of colon. No histological studies have been reported by these workers. Hukuhara, Kotani, and Sato (1961) and de Villiers (1966) have been interested more specifically in the state of the ganglion cells following a period of ischaemia and have used a technique in which an isolated segment of colon was perfused with Tyrode solution for four hours and the blood supply then restored. Our interest has been in the structural effects of a pure ischaemic lesion of the colon as occur clinically from embolus or thrombosis of aortic branches, without the added factor of foreign bodies in the minute vessels or abnormal pericellular electrolyte concentrations, and for this reason we have reverted to the technique of simple arterial ligation. By varying the site of ligature and the age of the lesion studied, we have been able to gain some information regarding the natural history of this condition in the experimental animal.
Devascularization of the colon, even when all named routes of blood supply have been obliterated, is a procedure which is withstood well by the healthy dog. Only one death occurred in the series and gross systemic upset and melaena were unusual.
The leucocyte count rose steeply on the day following operation, and gradually subsided to the normal level by the end of the first week, which is reminiscent of the effects of acute intestinal ischaemia in the human patient, where peripheral leucocytosis may precede physical signs. This was, however, a non-specific effect as there was no relation between the extent of leucocytosis and the severity of the ischaemia, and a rise in white cells was also seen in animals which had undergone a 'sham' operation.
Other workers (Dagher, Panossian, and Saab, 1967; Rudolph, Schaefer, Dutton, and Lyons, 1957) have postulated rises in serum transaminase activity in intestinal ischaemia. However, in our series the elevation of SGOT and LDH (Figure 4 ) levels all appear to be non-specific, occurring to a similar extent in the ischaemic and sham groups. The changes noted are probably due to the operative procedure. The rise noted in serum alkaline phosphatase, however, is of a different nature. There was a significant (0.05 > P > 0.01) difference between the levels recorded in those animals undergoing a major devascularization operation on the one hand, and in the control groups on the other, which is most marked on the second postoperative day.
Because of the peculiar distribution of normal preoperative levels of alkaline phosphatase in the dog the rise in enzyme level was thought to give a better measure of change than the actual level reached. Analysis of major ischaemia and sham groups with these figures did not, however, appreciably alter the significance of the difference. There was, furthermore, a close relationship between the degree ofcolonic damage produced (as opposed to the vascular lesion inflicted) and the postoperative rise in alkaline phosphatase, as is shown in the following Table. This rise in alkaline phosphatase, apparently specifically related to colonic ischaemia, was of great interest and prompted the question as to whether it was due to release of the intestinal isoenzyme into the circulation. If this were the case it might form the basis of a test for acute intestinal ischaemia, which could be used in the clinical laboratory. Sera from three dogs were kindly examined for us by Dr M. Yong, of the Department of Chemical Pathology, St George's Hospital, London, by his agar electrophoretic technique. No preponderance of the intestinal isoenzyme was found in any of these specimens and the rise in alkaline phosphatase appeared almost certainly to be due to release of material from the liver. The marked difference noted between the major devascularization groups and the controls suggests that this is not related purely to the operative procedure, which itself inevitably involves some handling of the liver. A possible explanation is that it is a result of the portal bacteraemia or toxaemia occasioned by the colonic lesion, but without bacteriological examination of the portal Experimental study of devascularization of the colon blood this must remain a speculation. The prevalence of raised alkaline phosphatase levels in patients with ischaemia of the colon is being currently investigated.
The earliest change noted radiologically after colonic devascularization is 'thumb printing', and the suggestion of Boley et al (1963) that this appearance is due to mucosal oedema and haemorrhage has been confirmed by our sigmoidoscopic findings. Boley makes the further point that the disappearance of 'thumb printing' in later barium studies is a most important feature in the radiological diagnosis of vascular disease of the colon, and we entirely support this view. Ulceration of the mucosa which can be seen both sigmoidoscopically and on the pathological specimen is not demonstrated on the x-ray films in these experimental animals. The mature ischaemic lesion presents as a stricture on the barium film, which is constant following insufflation of air (Fig. 8) , but in our series complete correlation of radiological and pathological stricturing was only found on one occasion.
Broadly speaking, the appearances found after deliberate devascularization of the colon in the experimental animal are similar to those seen in human ischaemic colitis (Marston et al, 1966; Payan, Levine, Bronstein, and King, 1965) . There are of course differences, which are probably related to the comparative anatomy of the colonic microcirculation in the two species. Furthermore, the very early changes created and studied in the experimental laboratory do not often come the way of the clinical pathologist, who is usually presented with mature and florid lesions.
The pathology of ischaemic colitis in man has been described by McGovern and Goulston (1965) and by Marston et al (1966) . The majority of the specimens studied by these authors showed focal strictures resulting from previous ischaemic episodes. The salient pathological features were stricture formation with mucosal ulceration, and widening of the submucosa, which was filled with granulation tissue containing haemosiderin-laden macrophages.
Extensive necrotic ulcers with full-thickness loss of mucosa and vascular granulation tissue replacing the submucosa are similar in the experimental and clinical material. The only significant difference is in the numbers of haemosiderin-laden macrophages, which are prominent in human material. They are not a major feature of the experimental lesions, though they are present in small numbers. Epithelial regeneration at the margins of the ulcers as previously noted (Marston et al, 1966) was not often seen, but all the ulcers examined were early lesions, from animals sacrificed at one or 14 days. The patchy atrophy of mucosa seen in the human material is very similar to the changes round the small discrete ulcers in the experimental specimens.
Although the normal dog's colon contains considerably more fibrous tissue than does that of man, the extent of fibrosis following ischaemia is greater in the human material than in these experimental specimens, and gross fibrosis of muscle with infiltration by vascular granulation tissue was only found in one preparation. Changes in the submucous arterioles seen in the clinical specimens were not found in the experimental material, but the peritoneal appearances were identical.
SUMMARY
Changes following interruption of the arterial supply to the colon have been studied in dogs, using three devascularizing operations of different extent and allowing the lesion to mature for varying periods of time.
This procedure is well tolerated by the healthy animal and only rarely causes a major systemic illness. Characteristic sigmoidoscopic appearances are described.
The earliest change seen radiologically was 'thumb printing' of the affected segment, due to mucosal oedema and haemorrhage, which usually reverted to normal within a few weeks, and was accompanied by a varying degree of spasm. Occasionally a persistent stenosis resulted.
A brisk peripheral leucocytosis was noted following operation in all cases, which was unrelated to the degree of vascular injury.
Postoperative serum levels of lactic dehydrogenase, glutamic oxalate transaminase, and glutamic pyruvate transaminase did not vary significantly from the preoperative baseline. The serum level of alkaline phosphatase rose sharply in the immediate postoperative period, and was directly related to the extent of devascularization and mucosal necrosis. The possible reasons for this are discussed.
The pathological appearances, depending on the degree of ischaemia inflicted, varied from slight mucosal congestion to extensive necrotic ulceration. On occasion a fibrous stricture resulted. The lesions are broadly similar to those seen in human ischaemic colitis, but differ from them in the smaller number of haemosiderin-laden macrophages and the lesser degree of fibrosis. 
